Introduction {#sec1}
============

Activated, electrophilic halogens are common oxidants in organic synthesis.^[@ref1]−[@ref3]^ Their high reactivity, however, poses challenges when used as stoichiometric agents. Due to their high instability, their application comes along with considerable safety issues. Furthermore, stoichiometric amounts of salt waste formed during the reaction (or during workup) pose an environmental issue. Finally, undesired side reactions are often observed. The latter issue is frequently met using halogen precursors such as *N*-bromosuccinimide (NBS) which gradually release the activated halide species into the reaction. In this case, the problem of waste formation is even more pronounced.

An alternative approach is to generate hypohalites *in situ* (i.e., in the reaction mixture) from the corresponding halide and hydrogen peroxide. Common catalysts comprise chalcogens,^[@ref4]−[@ref7]^ transition metal catalysts,^[@ref8]^ and enzymatic methods.^[@ref1]^ The use of haloperoxidases for the *in situ* generation of hypohalites is gaining interest in organic synthesis.^[@ref1]^ Haloperoxidases catalyze the clean, H~2~O~2~-dependent oxidation of halides to the corresponding hypohalites. Specifically, the vanadium-dependent chloroperoxidase from *Curvularia inaequalis* (*Ci*VCPO) excels by its extraordinary robustness and its exceptional catalytic activity.^[@ref9]−[@ref16]^

The oxidative halolactonization of γ,δ-unsaturated carboxylic acids is a popular application of activated halides, among others in natural product synthesis.^[@ref2],[@ref17]−[@ref19]^ Very recently, we have demonstrated that *Ci*VCPO is an efficient catalyst to initiate the chemoenzymatic halolactonization of γ,δ-unsaturated carboxylic acids ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref9]^ The resulting halo-functionalized lactones may be interesting building blocks for functionalizable polyesters.

![Chemoenzymatic Bromolactonization of 4-Pentenoic Acid (**1**) to 5-(Bromomethyl)dihydrofuran-2(3H)-one (**2**) and (Undesired) 5-(Hydroxymethyl)dihydrofuran-2(3H)-one (**3**) Using V-Dependent Chloroperoxidase from *Curvularia inaequalis* (*Ci*VCPO) as Catalyst for *in situ* Generation of Hypobromite from Bromide and H~2~O~2~](sc9b07494_0004){#sch1}

The aim of this study was to scale up bromolactonization of 4-pentenoic acid from laboratory scale (1 mL, \<50 mM substrate) to preparative scale and to assess the environmental impact. To determine the environmental impact of the reaction, the E^+^-factor,^[@ref20]^ a recent extension of Sheldon's E-factor^[@ref21],[@ref22]^ that takes energy-related CO~2~ emissions into account, was used.

Results and Discussion {#sec2}
======================

First, the substrate loading was increased in order to reduce the amount of wastewater formed in the reaction.^[@ref23]^ Increasing the substrate concentration from 40 to 500 mM, however, resulted in low product formation (7 mM total product, [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b07494/suppl_file/sc9b07494_si_001.pdf)). Further experiments revealed that the biocatalyst *Ci*VCPO was prone to a pronounced substrate inhibition ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In the presence of 60 mM 4-pentenoic acid, the biocatalyst's activity was reduced to less than half of its maximal value. At 500 mM, there was almost no enzyme activity detectable. Comparative experiments using 4-pentanoic acid gave similar results indicating that high concentrations of carboxylic acids (possibly via coordination to the V-prosthetic group)^[@ref24],[@ref25]^ inhibit *Ci*VCPO.

![Inhibition of *Ci*VCPO by the starting material (4-pentenoic acid). A spectrophotometric assay based on the bromination of monochlorodimedone (MCD) was used. Assay conditions: \[KBr\] = 5 mM, \[H~2~O~2~\] = 5 mM, \[*Ci*VCPO\] = 38 nM, \[MCD\] = 50 μM, \[Na~3~VO~4~\] = 100 μM in 100 mM citrate buffer (pH 5), *T* = 25 °C; after mixing of all reagents in a cuvette, the absorption at 290 nm was followed for 1 min. For activity determinations, a molar extinction coefficient of 20.2 mM^--1^ cm^--1^ of the depleting starting material was used.^[@ref26]^](sc9b07494_0001){#fig1}

Besides the inhibition by 4-pentenoic acid, it is known that bromide inhibits the enzyme.^[@ref27]^ Further, the undesired spontaneous reaction between hypohalites and H~2~O~2~ yielding ^1^O~2~ calls for gradual addition of H~2~O~2~.^[@ref15]^ We therefore decided to apply a fed-batch strategy adding 4-pentenoic acid together with Br^--^ and H~2~O~2~ over time and limit their concentrations (and inhibitory effects). At the same time, to reduce the (undesired) spontaneous hydrolysis of the bromolactone product into the corresponding acid,^[@ref28]^ an *in situ* product removal strategy was used. For this, we chose the well-known two liquid phase system (2LPS) approach wherein a water-immiscible organic solvent serves as the product sink. Several organic solvents were evaluated with respect to their effect on the stability of the biocatalyst ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Solvent stability of *Ci*VCPO in biphasic system. Incubation conditions: \[*Ci*VCPO\] = 700 nM in 100 mM citrate buffer (pH 5), \[Na~3~VO~4~\] = 100 μM, and *T* = 30 °C in the presence of one aliquot of the organic solvent. The mixtures were shaken at 500 rpm in a thermoshaker. Directly after mixing (black bar) and after 4 h (red bar) and 24 h (green bar), samples were taken from the aqueous layer and analyzed as described in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Values shown represent the ratio of the residual activity of *Ci*VCPO in the presence of solvent to the residual activity of *Ci*VCPO in buffer only under otherwise identical incubation conditions.](sc9b07494_0002){#fig2}

Most solvents did not significantly influence the robustness of *Ci*VCPO; only methyl isobutyl ketone (MIBK) seemed to have a negative effect on the enzyme, as upon prolonged incubation time (24 h) the activity was reduced by more than 60%. All other solvents tested had no or even a slightly beneficial effect. For further experiments, we chose ethyl acetate (EtOAc), since it is generally considered as "green"^[@ref29]^ and---more importantly for us---showed good solubilization properties for the product. Ethyl acetate exhibits the lowest boiling point of all solvents tested, an important parameter in the recovery process (by distillation) of the product and the recycling of the organic phase.

Further optimizations of some reaction parameters such as feed rates were performed at 500 mL scale. In summary, feeding the neat substrate (9.8 M) at 4 mL h^--1^ together with a feed rate of 37.5 mL h^--1^ of KBr (1.2 M) and H~2~O~2~ (2M), respectively, turned out to give reasonable productivities of more than 2.3 mM h^--1^, corresponding to an average turnover frequency of *Ci*VCPO of more than 10 s^--1^ ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b07494/suppl_file/sc9b07494_si_001.pdf)). It should be mentioned that in these experiments a significant amount of product **3** (hydroxylactone), accounting for approximately one-third of the total product, was produced. Comparative experiments showed that the bromolactone (**2**) was stable under the reaction conditions; even upon prolonged incubation in a buffer, no conversion of **2** into **3** was observed. We hypothesize that **3** originates from hydrolysis of the intermediate bromonium ion to the corresponding hydroxyl bromide product; the latter is in equilibrium with the corresponding epoxide^[@ref11]^ from which through intramolecular attack by the carboxylate the hydroxylactone may be formed ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). Further experiments will clarify the origin of the (seemingly undesired) side reaction.

![Hypothesized Mechanism for Formation of Hydroxylactone](sc9b07494_0005){#sch2}

Also, rather unexpectedly considering the high boiling temperature of 4-pentenoic acid of greater than 180 °C, in these experiments, we observed substrate evaporation, which could be solved by using a condenser cooled to approximately 5 °C.

Next, we proceeded to a 10 L-scale (in a 15 L reactor) reaction using 5 L each of the aqueous reaction mixture (^dd^water) and of the ethyl acetate organic phase. For safety reasons, to eliminate the possibility of an explosion arising from O~2~/ethyl acetate mixtures, the headspace was constantly flushed with a gentle stream of N~2~ gas. The time course of this up-scaled reaction is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. To compensate for the expected pH increase, we used a pH control (acetic acid) to maintain the optimal operational pH of *Ci*VCPO (pH 5).

![Ten liter-scale bromolactonization of 4-pentenoic acid. (A) Time course showing absolute amounts of **2** (red square) and **3** (green diamond). (B) Substrate feeding profile (cumulative feed): (black circle) pure 4-pentenoic acid 9.798 M, 4.04 mL/h; (yellow triangle) KBr 1.2 M, 37.5 mL/h; (blue dashed line) H~2~O~2~ 2 M, 37.5 mL/h; pH 5 controlled by pH stat with (purple line) 2 M acetic acid. General conditions: Feeds were started 2 h prior to first *Ci*VCPO addition; biphasic system with 5 L EtOAc and a total end volume of 9.84 L; *T* = 25 °C; 50 rpm after 24 h to 75 rpm; VCPO aliquots added (0.3 μmol) 0, 6, 21.5, 27.5, 41.5, and 64 h. Note that the results shown originate from a single experiment. At the start of the reaction, a malfunction of the pH stat lead to hyperacidification of the reaction medium irreversibly inactivating the biocatalyst present at the start of the reaction. Therefore, at *t* = 2 h, fresh *Ci*VCPO was added (reaction volume = 1.63 L, c(4-pentenoic acid) = 49 mM, c(KBr) = 55 mM, c(H~2~O~2~) = 92 mM).](sc9b07494_0003){#fig3}

In total, 1425 mmol of 4-pentenoic acid (**1**) and equimolar amounts of KBr were fed to the reaction and were converted into 1291 mmol products **2** and **3** (molar ratio approximately 2:1), corresponding to more than 90% yield. The yield in H~2~O~2~ was less impressive (26%), which we attribute to the undesired reaction of H~2~O~2~ with hypobromite discussed above. In the course of the reaction, we observed some inactivation of *Ci*VCPO, which was compensated by supplementation with fresh *Ci*VCPO. As *Ci*VCPO generally is a very robust enzyme,^[@ref13],[@ref27]^ we suspect the rigorous stirring as a possible reason for the reduced stability of *Ci*VCPO, but further in-depth studies will be necessary to fully understand the reasons for the reduced *Ci*VCPO stability. Nevertheless, a total turnover number of the enzyme of more than 715,000 \[mol~product~ × mol^--1^~*Ci*VCPO~\] was achieved corresponding to the production of more than 770 g of product **2** per gram of *Ci*VCPO.

The product was isolated *via* separation of the organic phase from the reaction phase by centrifugation, drying of MgSO~4~, and concentration under reduced pressure. The crude product contained acetic acid and the (undesired) hydroxylactone (**3**). Both could be largely removed by treatment with caustic water followed by drying. Overall, 81.4 g of bromolactone (**2**) was obtained with this procedure.

Having quantitative data from the 15 L-scale fermentation of *Ci*VCPO as well as the 10 L-scale bromolactonization at hand, we estimated the environmental impact of the proposed chemoenzymatic production of **2**. Sheldon's E-factor is a very common, simple approach to assess the environmental impact of lab-scale reactions if the data basis does not allow for a full life cycle assessment.^[@ref21],[@ref22]^ The classical E-factor, however, does not take into account CO~2~ emissions caused by energy consumed in the process. We therefore used the recently proposed E^+^-factor^[@ref20]^ and also measured the electricity used whereas possible. To estimate the electricity-related CO~2~ emissions, we used the average European CO~2~ footprint (i.e., 404 g CO~2~ kWh^--1^).^[@ref30]^ The E^(+)^-factor contributions of the single fermentation and reaction components are listed in [Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [2](#tbl2){ref-type="other"}, respectively.

###### Estimation of E^+^-Factor for Production of *Ci*VCPO[a](#t1fn1){ref-type="table-fn"}

  Component                                      Absolute amount            E^(+)^-factor contribution (g~waste~ g^--1^~*Ci*VCPO~)
  ---------------------------------------------- -------------------------- --------------------------------------------------------
  **Fermentation**                                                          
  Media[b](#t1fn2){ref-type="table-fn"}          805 g                      1.188
  H~2~O                                          14.000 g                   20.650
  Cryostat                                       25.6 kWh (10.3 kg CO~2~)   15.278
  Stirring and heating                           5.68 kWh (2.3 kg CO~2~)    3.386
  Autoclaving                                    4.51 kWh (1.8 kg CO~2~)    2.689
  Centrifugation                                 16 kWh (6.5 kg CO~2~)      9.541
  **Sum**                                                                   52.732
                                                                            
  **Purification**                                                          
  Buffer components                              25 g                       37
  H~2~O                                          3.320 g                    4.900
  Total energy[c](#t1fn3){ref-type="table-fn"}   20.87 kWh (8.4 kg CO~2~)   12.445
  **Sum**                                                                   17.382
                                                                             
  **Total E**^**+**^**-factor**                                             70.114

Based on a total yield of 0.678 g of purified *Ci*VCPO.

Yeast extracts, sugars, buffers etc.

Comprising French press breaking of the cells, centrifuges, pumps, and temperature control).

###### Estimation of E^+^-Factor for Production of **2**[a](#t2fn1){ref-type="table-fn"}

  Component                                  Absolute amount             E-factor contribution (g g^--1^~product~)
  ------------------------------------------ --------------------------- -------------------------------------------
  Ethyl acetate                              4470 g                      55
  Water                                      4839 g                      59
  *Ci*VCPO                                   0.1 g                       86[b](#t2fn2){ref-type="table-fn"}
  Reagents[c](#t2fn3){ref-type="table-fn"}   355 g                       4
  Cryostat                                   29.34 kWh (11.9 kg CO~2~)   146
  Stirring/pump                              0.85 kWh (343 g CO~2~)      4
  Sum                                                                    354

Based on a yield of 81.5 g of **2**.

Taking the E^+^-factor of *Ci*VCPO ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) into account.

Not reacted, byproducts, pH control.

At first sight, the E^+^-factor of *Ci*VCPO is shockingly high, as, for example, more than 30 tons of CO~2~ per kg of enzyme have been emitted. Also the water consumption is very high. Several factors, however, should be considered here. On the one hand, the overexpression of *Ci*VCPO is very low (less than 50 mg L^--1^ fermentation broth); optimized expression systems will certainly yield higher enzyme titers and lower E^+^-factors. Purification also greatly contributed to the overall waste generation, which is why we will consider whole *E. coli* cells in future applications of the enzyme. Also, the environmental impact of enzyme fermentation is subject to scaling effects and hence may be significantly smaller at industrial scale.^[@ref31],[@ref32]^ Finally, it should be kept in mind that *Ci*VCPO is not the final product but rather the catalyst. Hence, due its excellent performance in the bromolactonization reaction, the immense E^+^-factor of *Ci*VCPO is reduced by 3 orders of magnitude (*vide infra*).

Overall, a waste generation of approximately 354 kg per kg of the desired product (**2**) was generated. CO~2~ thereby comprised approximately two-thirds of the overall waste generated underlining the importance of taking energy-related emissions (wastes) into account.

Conclusion {#sec3}
==========

In this Letter, we demonstrate that chemoenzymatic bromolactonization is indeed a practical alternative to the established chemical methods. From a safety point-of-view, we believe that the *in situ* generation of hypobromite is advantageous over its stoichiometric use or the use of elementary bromine. Admittedly, H~2~O~2~ is not unproblematic but overall easier to handle than HOBr. Furthermore, *in situ* generation of H~2~O~2~ is principally feasible and may open new avenues for bromolactonization reactions.^[@ref33],[@ref34]^

The numbers presented here underline the necessity to add energy considerations to the "classical" E-factor. The CO~2~ emissions caused by cooling, stirring, and distillation show that these contributions are in the same order of magnitude as the "simple" mass balances. We also believe that the E^+^-factor can be used as a starting point for further improvements. For example, the contribution of the biocatalyst (its fermentation) underlines the need for better expression systems for *Ci*VCPO as higher enzyme titers will immediately reduce its E^+^-factor (contribution). Further process intensification should aim at increasing the product concentrations, which will lead to drastically reduced environmental impacts.

Concerning the product, we envision utilization as a building block for functionalizable polyesters. Lipase-catalyzed polymerization reactions are currently ongoing in our laboratory. The imperfect selectivity of the lactonization step (yielding bromo- and hydroxylactone) may prove as an advantage from a polymer modification point-of-view as it offers two different functionalities for further modification ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}).

![Envisioned (Enzymatic) Ring-Opening Polymerization of Lactone Products Obtained in This Study to Yield Polyesters with Two Different Functionalities to Synthesize Tailored Comb Polymers](sc9b07494_0006){#sch3}
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